The Caulobacter cell cycle is driven by a cascade of transient regulators, starting with the expression of DnaA in G1 and ending with the expression of the essential CcrM DNA methyltransferase at the completion of DNA replication. The timing of DnaA accumulation was found to be regulated by the methylation state of the dnaA promoter, which in turn depends on the chromosomal position of dnaA near the origin of replication and restriction of CcrM synthesis to the end of the cell cycle. The dnaA gene is preferentially transcribed from a fully methylated promoter. DnaA initiates DNA replication and activates the transcription of the next cell-cycle regulator, GcrA. With the passage of the replication fork, the dnaA promoter becomes hemimethylated, and DnaA accumulation drops. GcrA then activates the transcription of the next cell-cycle regulator, CtrA, once the replication fork passes through the ctrA P1 promoter, generating two hemimethylated copies of ctrA. The ctrA gene is preferentially transcribed from a hemimethylated promoter. CtrA then activates the transcription of ccrM, to bring the newly replicated chromosome to the fully methylated state, promoting dnaA transcription and the start of a new cell cycle. We show that the cell-cycle timing of CcrM is critical for Caulobacter fitness. The sequential changes in the chromosomal methylation state serve to couple the progression of DNA replication to cell-cycle events regulated by the master transcriptional regulatory cascade, thus providing a ratchet mechanism for robust cell-cycle control.
C
hromosome methylation is found in both prokaryotes and eukaryotes, where it serves to control diverse functions, including regulation of gene expression, nucleoid segregation, and host-pathogen interactions (1) . Regulatory DNA methyltranferases in bacteria include the Dam protein in Escherichia coli and other ␥-proteobacteria and the CcrM protein in ␣-proteobacteria, which methylate adenosines on the sequence GATC and GANTC, respectively. CcrM was first discovered in Caulobacter crescentus, and homologues were later found in Agrobacterium tumefaciens, Sinorhizobium meliloti, and Brucella abortus (2) (3) (4) (5) (6) . Unlike Dam, CcrM is present and active for a short time at the conclusion of chromosome replication, and it is essential for cell viability (2, 3) . Chromosomal loci are fully methylated at the start of DNA replication and the loci then become hemimethylated by the passage of the replication fork and are not fully methylated again until just before cell division (2, 7) . Here, we show that the change in chromosomal methylation state, tied to the progression of DNA replication, acts as a timer for the expression of the DnaA master cell-cycle regulator.
Caulobacter divides asymmetrically, yielding two different progeny: a stalked cell and a swarmer cell (Fig. 1A) . Before it differentiates into a stalked cell, the swarmer cell is unable to initiate chromosome replication. In the stalked cell, the initially fully methylated chromosome is replicated bidirectionally, once and only once per cell cycle, from a single origin of replication (Cori) (7, 8) . Three essential transcriptional regulators, DnaA, GcrA, and CtrA, organized as a transcriptional cascade, control the expression of Ͼ200 cell cycle-regulated genes that control multiple cell-cycle events (9) (10) (11) (12) (13) (Fig. 1B) . DnaA, a dualfunction protein, is nearly ubiquitous in eubacteria (14, 15) . It is a pivotal element in the Caulobacter cell-cycle control circuit because it is required for the initiation of DNA replication, it controls the transcription of Ͼ40 genes involved in nucleotide biogenesis, cell division, and polar morphogenesis (7, 9, 11) , and it activates the transcription of gcrA (Fig. 1B) (16) . GcrA controls the transcription of ctrA and genes involved in DNA metabolism and chromosome segregation, including those encoding DNA gyrase, DNA helicase, DNA primase, and DNA polymerase III (13) . CtrA, another dual-function master cell-cycle regulator, accumulates out-of-phase with GcrA (10, 12, 13, (17) (18) (19) (Fig.  1 A) . CtrA represses DNA replication initiation by binding to and silencing Cori, and it is also a transcriptional regulator of Ϸ95 cell cycle-regulated genes including the genes encoding CcrM and the FtsZ cell division protein. A striking feature of the operation of the DnaA/GcrA/CtrA regulatory network is that each of these three unstable regulators accumulates at distinct times in the cell cycle to activate or repress functions occurring at that time ( Fig.  1 A) (16, 20) .
Here, we show that the cell cycle-dependent transcription of dnaA is controlled by the methylation state of its promoter and that differential DNA methylation timing enhances Caulobacter fitness. The dnaA gene lies near Cori, and the dnaA promoter is most active when in the fully methylated state. When the replication fork passes the dnaA gene at the beginning of chromosome replication, the dnaA promoter becomes hemimethylated and inactivated. The DNA methylation-based regulation of dnaA transcription modulates the temporal levels of DnaA during the cell cycle and is a mechanism for synchronizing the multiple functions of DnaA with the initiation of DNA replication. Activation of CcrM synthesis by CtrA at the end of chromosome replication results in the rapid remethylation of the chromosome, thus reactivating dnaA expression in preparation for a new cell cycle (Fig. 1B) .
Results
The Cell-Cycle Regulation of DNA Methylation Confers a Gain of Fitness in Caulobacter. The methylation state of the GANTC sequences in Caulobacter and A. tumefaciens chromosomes varies as a function of the cell cycle, because of the cell-cycle control of ccrM transcription (2, 6) . When the ccrM gene is placed under the control of a constitutive promoter, the chromosome is kept fully methylated throughout the cell cycle, resulting in defects in cell division and cell morphology in Caulobacter, A. tumefaciens, B. abortus, and S. meliloti (2) (3) (4) (5) (6) . The conservation of the cell-cycle regulation of chromosomal methylation state suggests that loss of this regulation would be counterselected. We tested this hypothesis by determining whether wild-type Caulobacter has a fitness advantage over a strain in which the chromosome is maintained in the fully methylated state throughout the cell cycle. For this competitive growth experiment, we used the Caulobacter LS1 strain that expresses ccrM constitutively (from an integrated copy of ccrM under the control of the lacZ promoter), and we have shown previously that its chromosome is fully methylated throughout the cell cycle (2) . We compared the fitness of the LS1 strain with the parental strain LS176, bearing a single chromosomal cell cycle-regulated copy of ccrM. We performed three competition experiments to assay fitness of the LS1 strain relative to the LS176 strain. An equal number of LS176 and LS1 cells were combined in peptone yeast extract (PYE)-rich media, and the mixed population was grown for Ϸ20 generations. The LS1 strain carries a selective marker (resistance to kanamycin) that we found to be neutral in the conditions tested. The relative fitness of the two strains, defined as the ratio of their growth rates during competition for the same pool of nutrients, reflected differences in reproduction and survival. The mean fitness of the LS1 strain after 20 generations was 0.887, with its final survival frequency Ϸ5% of the total population. Thus, the cell-cycle regulation of DNA methylation confers a significant gain of fitness to Caulobacter.
The CcrM DNA Methyltransferase Activates dnaA Transcription. Because Caulobacter strains that are engineered to keep their chromosome fully methylated throughout the cell cycle have defects in cell division and exhibit a low fitness, we examined the cellular levels of the three cell-cycle master regulators in these strains. We observed that DnaA levels were Ͼ2-fold higher in the LS1 strain, when ccrM was under the control of the constitutive lacZ promoter than the parental LS176 strain with a normal cell cycle-regulated ccrM expression ( Fig. 2A ). The increase in the level of DnaA was due to increased synthesis of DnaA [see supporting information (SI) Fig. 5 ] and not to decreased degradation of DnaA (see SI Fig. 6 ). We assayed the levels of DnaA in two strains where the dnaA promoter was hemimethylated for a longer fraction of the cell cycle because of decreased availability of CcrM. There was a significant decrease in DnaA accumulation in these strains, compared with a wildtype strain (see SI Fig. 7 ), confirming that the presence of CcrM stimulates DnaA accumulation.
The dnaA gene is located Ϸ2 kb from the origin of replication ( Fig. 2 B and C) . It is transcribed from a single promoter (21) containing two GANTC adenine methylation sites designated Met-1 and Met-2 ( Fig. 2C) . It was previously shown that the Met-2 site in the dnaA promoter is methylated by CcrM and that its methylation state varies as a function of the cell cycle (2) . The dnaA promoter is fully methylated in swarmer cells, it then becomes hemimethylated in stalked cells, and is not fully methylated again until the end of the cell cycle. GANTC sequences occur significantly less frequently in the Caulobacter genome than a random five-base sequence (22) , and they are found predominantly in the promoter regions of cell cycle-regulated genes (A. Hottes and H.H.M., unpublished data). The observations that transcription from the dnaA promoter decreases soon after the initiation of DNA replication (21) and that DnaA accumulation was high when the chromosome is maintained in the fully methylated state (Fig. 2 A) together suggest that dnaA transcription is deactivated when the dnaA promoter becomes hemimethylated upon passage of the replication fork. To determine whether the transcription of dnaA from its native dnaA promoter was increased when the chromosome was maintained in a fully methylated state throughout the cell cycle, a DNA fragment from Ϫ228 to ϩ165 relative to the dnaA ϩ1 transcriptional start site (21) was used to construct a transcriptional fusion to lacZ. This construct was integrated at a site next to the natural dnaA locus, also close to the Cori (at the hcrA locus, named siteO, in strain LS4380) (Fig. 2B) . Previous studies have shown that methylation sites in this region of the chromosome become hemimethylated soon after the initiation of DNA replication and remain hemimethylated until the end of DNA replication in wild-type cells (7). We measured ␤-galactosidase activity in the LS4380 strain under conditions of constitutive transcription of ccrM under the control of a xylose-inducible promoter. The activity of the dnaA promoter in the strain that accumulated CcrM throughout the cell cycle was Ϸ50% higher than that observed in the wild-type strain (see SI Fig. 8A) , showing that dnaA transcription is directly, or indirectly, activated by CcrM.
Differential Methylation State of the dnaA Promoter Affects the
Timing of DnaA Accumulation During the Cell Cycle. It was previously shown that GANTC sites engineered into a transposon-based methylation probe integrated at different positions near the terminus of replication on the chromosome remain fully methylated throughout most of the cell cycle (7). Thus, moving the dnaA gene to a chromosomal position near the terminus of replication would maintain the dnaA promoter in the fully methylated state throughout most of the cell cycle, without affecting the quantity of CcrM or the methylation state of other loci. We constructed strain LS4384, in which the dnaA gene was deleted at its wild-type position and placed close to the chromosome terminus of replication (named siteT) (Fig. 2B ). In the LS4384 strain, DnaA levels were Ϸ2-fold higher than in the control strain LS3418 with dnaA at its native chromosomal position next to the Cori (and with an empty vector integrated at site T) (see SI Fig. 8B ). This observed increase in DnaA levels in a mixed population is shown below to be due to the constitutive accumulation of DnaA during the cell cycle. Furthermore, this experiment eliminated the possibility that dnaA transcription was solely activated by another CcrM-regulated transcriptional regulator, independent of the methylation state of the dnaA promoter. Thus, dnaA transcription is controlled by the methylation state of its promoter, which depends on both its chromosomal position relative to Cori and the cell cycle timing of the CcrM DNA methyltransferase.
Because the CcrM DNA methyltransferase is normally present only near the end of chromosome replication, the dnaA promoter that becomes hemimethylated upon passage of the replication fork remains hemimethylated until near the end of the cell cycle (3). To determine whether the reduced transcription of dnaA just after the initiation of replication (21) is attributable to the switch from full-to hemimethylation of the dnaA promoter, we compared DnaA levels in the strain with constitutive ccrM expression with the wild-type strain over the course of a cell cycle (Fig. 2D) . Swarmer cells were isolated (at time ϭ 0 min), and samples were collected at different times during their synchronous progression through an Ϸ140-min cell cycle. As expected, CcrM was present throughout the cell cycle in LS1 cells, but not in wild-type cells (see SI Fig. 9 ). However, temporal changes in DnaA levels during the LS1 cell cycle were strongly attenuated compared with the wild-type strain (Fig. 2D) . Similarly, we examined the temporal accumulation of DnaA in the LS4384 strain (with a single dnaA gene next to the terminus) and found that the temporal changes in DnaA levels were also strongly attenuated compared with wild-type (Fig. 2D) . Thus, the temporal regulation of dnaA transcription is controlled by switching the methylation state of the dnaA promoter.
DnaA is essential for the initiation of bacterial DNA replication. When DnaA binds to DnaA boxes in the Cori, there is local unwinding of an adjacent AT-rich region. The unwound region is thought to provide the entry site for the DnaB/DnaC helicase complex, followed by other replisome proteins (reviewed in ref. 14) . Despite the presence of DnaA at high levels throughout the cell cycle in the LS4384 strain, we found that the LS4384 strain did not overinitiate DNA replication (data not shown). There are at least three additional mechanisms that could contribute to the control of replication initiation in Caulobacter: (i) DNA replication initiation is prevented by CtrA in swarmer and predivisional cells (17) . (ii) In E. coli, the activity of DnaA is cell cycle-regulated by the nucleotide (ATP/ADP) bound to it (23) (24) (25) (26) . Because the Caulobacter DnaA protein also contains an ATP-binding site and an ATPase domain, we predict that its activity is also cell cycle-regulated by the nucleotide bound to it. (iii) Replication initiation may also be controlled by the methylation state of the Cori, because it contains four methylation sites (27) . This would explain why the LS1 strain tends to undergo additional replication initiation events (2), whereas the LS4384 strain does not.
Methylation Sites in the dnaA Promoter Are Required for Efficient
dnaA Transcription and for Normal Cell Physiology. To further confirm that transcription from the dnaA promoter depends on its methylation state, we mutated each of the two GANTC sites in the dnaA promoter region (Fig. 2C) and constructed transcriptional fusions to lacZ in the low-copy-number plasmid pLacZ290 (Fig. 3A) . We also constructed a lacZ fusion to a dnaA promoter lacking functional methylation sites. These plasmids and the control vector were introduced into wild-type cells (NA1000), and promoter activities were measured by assays of ␤-galactosidase activity. We observed that the ␤-galactosidase activity of the dnaA promoter lacking the Met-2 site [dnaAP-(Met-2)] or the unmethylatable dnaA promoter [dnaAP(UM)] was nearly as low as the activity of the strain carrying the empty vector (Fig. 3A) . These results show that the methylation sites in the dnaA promoter contribute to dnaA transcriptional control. To examine the physiological effects of altering the methylation state of the dnaA promoter, we constructed strains in which the wild-type dnaA gene was deleted (LS4382) or was replaced by a mutant dnaA gene lacking both promoter methylation sites (LS4383) in all cases covered by the wild-type dnaA coding sequence under the control of the inducible Pxyl promoter (Fig.  3B) . We then compared the amount of DnaA that accumulated in the two mutant strains with wild-type. Four hours after shifting cells from xylose-to glucose-containing media, DnaA was no longer detected from LS4382 cells, and only very small amounts of DnaA were detected in LS4383 cells (Ϸ20-fold less) compared with the wild-type LS4381 control (Fig. 3B) . Thus, the response of the dnaA promoter to the DNA methylation state is attributable to the GANTC sequences in its promoter. When the strain with the dnaA deletion, LS4382, was shifted to glucosecontaining media, cells did not complete cell division (Fig. 3B) . Instead, their cell length increased progressively until they finally died, in agreement with the previously described phenotype of DnaA-depleted cells (9) . The LS4383 cells shifted to glucosecontaining media were longer than the wild-type control LS4381 cells, indicating a significant reduction in the efficiency of cell division, and had longer stalks than the LS4381 cells (Fig. 3B) .
These results show that the strain with a dnaA promoter lacking methylation sites that transcribes very low levels of dnaA, and thus synthesizes low levels of DnaA, exhibits aberrant cell-cycle progression ( Fig. 2 A and B) , although the mutation is not lethal.
DnaA is a critical component of the genetic circuit that controls the Caulobacter cell cycle, and its expression is a pivotal element in the activation of the GcrA/CtrA/CcrM cascade (Fig. 1B) (12, 13, 16, 19) . DnaA also activates the transcription of the gene encoding the MipZ spatial regulator of the FtsZ ring assembly, among other cell-cycle genes (11) . In strain LS4383, in which the two methylation sites in the dnaA promoter were eliminated at the dnaA locus yielding very low levels of DnaA, the levels of four essential cell cycle regulators (GcrA/CtrA/CcrM/MipZ) in the regulatory cascade were significantly decreased (Fig. 3B) , consistent with previ- ous reports showing that DnaA directly or indirectly regulates those genes (11, 16) (Fig. 1B) .
Discussion
Model for the Temporal Regulation of dnaA Transcription by DNA Methylation. We propose a model for the cell cycle regulation of dnaA transcription shown in Fig. 3C . The dnaA promoter becomes fully methylated by CcrM before cell division (2, 7) . Although the dnaA promoter is activated, allowing the accumulation of DnaA, the initiation of DNA replication occurs only in the stalked cell progeny, because the Cori is silenced in the swarmer cell progeny by CtrA. Once CtrA is cleared at the swarmer-to-stalked-cell transition, the accumulated DnaA enables replication initiation. After replication initiation, the replication fork passes through the dnaA promoter, producing two hemimethylated copies of the dnaA gene. The hemimethylated dnaA promoter has low transcriptional activity, and DnaA is an unstable protein (28) , so the DnaA level falls when DnaA activity needs to be eliminated to avoid a reinitiation event. Only near completion of chromosome replication, upon synthesis and accumulation of the CcrM DNA methyltransferase, does the dnaA promoter again become fully methylated. This enables the resynthesis of DnaA to initiate a new round of chromosome replication in the stalked progeny. This methylation-based mechanism of regulation therefore serves to adjust DnaA levels in response to the progression of chromosome duplication.
DNA Methylation State Is a Synchronization Mechanism for the
Caulobacter Cell-Cycle Control System. The gene encoding the inhibitor of DNA replication initiation, ctrA, is located on the chromosome further from Cori than dnaA (Fig. 4A) , and the transcription from one of ctrA's two promoters is controlled by its methylation state (29) (Fig. 1B) . In contrast to the regulation of the dnaA promoter, the ctrAP1 promoter is active when in the hemimethylated state but inactive when in the fully methylated state (29) (Fig. 4A) . Therefore, when the replication fork passes through the ctrA gene, the production of hemimethylated copies activates ctrAP1 transcription. If the ctrA gene is moved to a chromosomal position near the terminus, CtrA accumulation is delayed during the cell cycle (29) .
Because DnaA and CtrA are connected by GcrA and CcrM in the cyclic control circuit (Figs. 1B and 4B) , the cellular levels of DnaA correlate with the levels of CtrA. Indeed, we observed that a deficiency in CtrA leads to reduced dnaA gene expression (see SI Fig. 7B ) and that a deficiency in DnaA leads to reduced levels of CtrA (Fig. 3B ). This regulatory system probably serves to control the initiation of DNA replication and to reduce overinitiation events. Nevertheless, if overinitiation events should occur, the dnaA promoter and the CcrM-regulated ctrA promoter will become unmethylated by the passage of a second replication fork during the same cell cycle. As a consequence, dnaA transcription will be rapidly shut down (Fig. 3) , whereas ctrA transcription will remain efficient (29) to prevent more overinitiation events. In other words, if some malfunction prevents the successful completion of the chromosome replication process, signals are sent to the master regulatory control system to delay progression to the next phase, underscoring the robustness of this cyclical circuit.
The wave of hemimethylation associated with chromosome replication progression can be viewed as a molecular clock for cell-cycle progression. This methylation-based regulation of dnaA synchronizes the initiation of DNA replication with the activation of the GcrA/CtrA/CcrM cascade that controls multiple cell-cycle events (Fig. 4B) . The methylation-based regulation of ctrA then synchronizes timing of CtrA synthesis with progress of chromosome replication. In effect, the ratchet-like DnaA/ GcrA/CtrA/CcrM circuit provides the forward impetus for cell cycle progression and organizes the order of activation of various genetic subsystems, whereas the tight coupling to progression of chromosome replication paces and synchronizes the system.
Materials and Methods
Bacterial Strains, Synchronization, and Growth Conditions. Caulobacter crescentus strains were grown in PYE complex media or M2 minimal salts plus 0.2% glucose (M2G) minimal media (30) at 28°C. Plasmids and strains used are listed. (see SI Tables 1 and  2 , respectively). Antibiotics used include oxytetracyclin (1 g/ ml), kanamycin (5 or 25 g/ml), spectinomycin (25 g/ml), streptomycin (5 g/ml), and nalidixic acid (20 g/ml). Plasmids were mobilized from E. coli S17-1 (31) into Caulobacter by bacterial conjugation or introduced by transformation. Bacteriophage CR30 was used for general transduction into Caulobacter. Synchronized cell cultures were obtained by centrifugation in a Ludox density gradient, followed by isolation of swarmer cells (32) . Swarmer cells were resuspended into minimal medium and allowed to proceed synchronously through the cell cycle. At the beginning of the cell cycle, in swarmer cells, the dnaA promoter is fully methylated, so dnaA transcription is activated. DnaA initiates DNA replication, and it activates gcrA during the swarmer-to-stalked cell transition (11, 16) . Accumulation of GcrA in stalked cells turns on genes required for DNA replication elongation and chromosome segregation and activates ctrA transcription after the ctrAP1 promoter is hemimethylated by the passage of the replication fork (13, 29) . Accumulation of CtrA regulates other genes required for cell-cycle progression and prevents DNA replication initiation until the chromosome gets fully methylated by the CtrA-induced CcrM DNA-methyltransferase (19) . Full methylation of the chromosome finally enables resynthesis of DnaA in the next cell cycle. As designed, this regulatory circuit is responsive to information received back from the process it is controlling.
Plasmids and Strains Constructions. For plasmids and strains constructions, see SI Text.
Fitness Assays. Estimation of the relative fitness of LS176 and LS1 strains was performed by using an adaptation of a protocol described earlier (33) . The LS1 strain carries a selective marker (kanamycin resistance). The competitive strains were individually grown in PYE-rich media to saturation at 28°C. Equal volumes of each strain were diluted 1,000-fold into the same flask containing 5 ml of PYE, and a sample was immediately plated on PYE agar and PYE agar plus kanamycin, to estimate their initial densities. Every day, for 3 days, the mixed population was diluted 1,000-fold after reaching saturation. After 3 days, a sample was plated on PYE agar and PYE agar plus kanamycin to obtain the initial density of each competitor. For each competitor, we calculated its growth rate as m ϭ ln(1,000 3 ⅐N t /N 0 )/3, where N 0 and N t are initial and final densities, respectively. The relative fitness of two genotypes is defined as the ratio of their growth rates during competition for the same pool of nutrients. We also performed a control competition assay with another strain (LS4318) carrying the same selective marker (kanamycin resistance) as LS1 and its isogenic wild-type strain (LS101). We found that the LS3418 strain was as competitive as the LS101 strain, showing that the selective marker we used is neutral in the conditions tested.
Promoter Activity Assays. For promoter activity assays, see SI Text.
Immunoblot Analysis. DnaA and CcrM proteins were resolved on 10% SDS/PAGE (34) . GcrA, CtrA, and MipZ proteins were resolved on 15% SDS/PAGE. Gels were electrotransferred to a PVDF membrane (Millipore, Bedford, MA). Immunodetection was performed with polyclonal antibodies. Anti-DnaA, antiCtrA, anti-MipZ, and donkey anti-rabbit-conjugated to horseradish peroxidase (Jackson ImmunoResearch, West Grove, PA) sera were diluted 1:10,000. Anti-CcrM serum was diluted 1:5,000. Anti-GcrA serum was diluted 1:2,000. A chemiluminescent reagent (PerkinElmer, Wellesley, MA) and Kodak (Rochester, NY) Bio-Max MR films were used. Images were processed with Photoshop (Adobe, Mountain View, CA), and relative band intensities were determined by using ImageQuant software (Molecular Dynamics, Sunnyvale, CA).
Microscopy. Cells were fixed in 2.5% formaldehyde and 30 mM sodium phosphate buffer (pH7.5). Cells were then placed on a 1% agarose pad, and Nomarski differential interference contrast (DIC) images were taken with ϫ100 DIC objectives on a E800 microscope (Nikon, East Rutherford, NJ) with 5 MHz Micromax 5600 cooled CCD camera controlled through Metamorph (Universal Imaging, Downingtown, PA). Images were prepared by using Adobe Photoshop and Metamorph version 4.5.
